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Summary

Serine palmitoyltransferase (SPT) catalyzes the first step in sphingolipid biosynthesis, and downregulation of

this enzyme provides a means for exploring sphingolipid function in cells. We have previously demonstrated

that Arabidopsis SPT requires LCB1 and LCB2 subunits for activity, as is the case in other eukaryotes. In this

study, we show that Arabidopsis has two genes (AtLCB2a and AtLCB2b) that encode functional isoforms of the

LCB2 subunit. No alterations in sphingolipid content or growth were observed in T-DNA mutants for either

gene, but homozygous double mutants were not recoverable, suggesting that these genes are functionally

redundant. Reciprocal crosses conducted with Atlcb2a and Atlcb2b mutants indicated that lethality is

associated primarily with the inability to transmit the lcb2 null genotype through the haploid pollen.

Consistent with this, approximately 50% of the pollen obtained from plants homozygous for a mutation in one

gene and heterozygous for a mutation in the second gene arrested during transition from uni-nucleate

microspore to bicellular pollen. Ultrastructural analyses revealed that these pollen grains contained aberrant

endomembranes and lacked an intine layer. To examine sphingolipid function in sporophytic cells, Arabidopsis

lines were generated that allowed inducible RNAi silencing of AtLCB2b in an Atlcb2a mutant background.

Studies conducted with these lines demonstrated that sphingolipids are essential throughout plant

development, and that lethality resulting from LCB2 silencing in seedlings could be partially rescued by

supplying exogenous long-chain bases. Overall, these studies provide insights into the genetic and

biochemical properties of SPT and sphingolipid function in Arabidopsis.
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Introduction

Sphingolipids are major components of endomembranes,

including plasma membrane, tonoplast and the Golgi

apparatus, and are enriched along with sterols in deter-

gent-resistant membranes or ‘lipid rafts’ in plasma mem-

branes (Borner et al., 2005; Laloi et al., 2007; Mongrand

et al., 2004; Sperling et al., 2005; Verhoek et al., 1983).

Lipid rafts have been linked with the trafficking and sorting

of proteins such as glycosylphosphatidylinositol-anchored

proteins and multi-drug resistance-like proteins that are

involved in cell-surface activities such as cell-wall deposi-

tion and auxin transport (Borner et al., 2005). In addition,

sphingolipid metabolites, including long-chain base-

1-phosphates and ceramides, have been implicated in the

regulation of cellular processes such as ABA-dependent

guard-cell closure and programmed cell death (Coursol

et al., 2003, 2005; Liang et al., 2003; Ng et al., 2001;
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Spassieva et al., 2002; Townley et al., 2005; Wang et al.,

1996).

Long-chain bases are a unique component of sphingo-

lipids. These molecules typically contain 18 carbon atoms in

plants and are formed from the condensation of serine and

palmitoyl CoA (Lynch and Dunn, 2004). This reaction is

catalyzed by the pyridoxal phosphate-dependent enzyme

serine palmitoyltransferase (SPT; EC 2.3.1.50). Long-chain

bases in plants contain two or three hydroxyl groups and up

to two double bonds, although diunsaturated long-chain

bases are typically not abundant in sphingolipids from

Arabidopsis. The long-chain base is bound through an

amide linkage to a fatty acid that ranges in chain length from

16 to 26 carbon atoms to form the ceramide backbone of

complex sphingolipids. In plants, the C1 hydroxyl group of

the long-chain base component of the ceramide can be

substituted with glucose to form glucosylceramides, or

with a phosphoinositol head group containing various

sugar residues to form the more abundant glycosylphos-

phoinositol ceramides (Markham et al., 2006).

SPT occurs as a soluble homodimer in some bacteria,

including species of the Sphingomonas genus (Ikushiro

et al., 2001). In all eukaryotes studied to date, SPT is an ER-

associated heteromeric protein that consists of LCB1 and

LCB2 subunits (Hanada, 2003). We have recently shown that

Arabidopsis SPT has a similar subunit configuration (Chen

et al., 2006). The catalytic lysine residue that binds pyridoxal

phosphate is located in the LCB2 subunit. LCB1 is believed to

stabilize LCB2, and the SPT active site is believed to occur at

the interface of the dimerized LCB1 and LCB2 subunits

(Gable et al., 2002).

Because SPT catalyzes the first step in sphingolipid

biosynthesis, mutants and RNAi suppression lines for the

LCB1 and LCB2 subunits have been the focus of studies that

have examined sphingolipid function. In most eukaryotes,

complete suppression of LCB1 or LCB2 expression results in

loss of viability, indicating that sphingolipids are essential

molecules (Adachi-Yamada et al., 1999; Buede et al., 1991;

Chen et al., 2006; Hanada et al., 1992; Nagiec et al., 1994).

Examples of defects associated with reduced sphingolipid

synthesis include hereditary sensory neuropathy type I,

which results from mutations in the LCB1 subunit (Bejaoui

et al., 2002). Interestingly, null mutants of LCB2 in the

trypanosome protozoa Leishmania are viable but are unable

to differentiate into parasitic forms, apparently due to

defects in sphingolipid-associated membrane-trafficking

(Zhang et al., 2003).

We have recently examined the effects of complete and

partial downregulation of Arabidopsis LCB1 (Chen et al.,

2006). Homozygous T-DNA mutants for the single AtLCB1

gene in Arabidopsis were not recoverable, which is consis-

tent with an essential role of sphingolipids in plants, at least

during the reproductive stages of plant growth (Chen et al.,

2006). In addition, partial suppression of AtLCB1 by RNAi

resulted in plants with marked reductions in growth, altered

leaf morphology, and the development of necrotic lesions

on mature leaves. Despite these phenotypes, the total

content of sphingolipids in leaves of these plants on a dry

weight basis was not reduced (Chen et al., 2006). These

results indicated that plants are able to adjust their growth to

compensate for reductions in sphingolipid synthesis.

The impact of suppressed expression of the LCB2

subunit of Arabidopsis SPT has yet to be examined.

Tamura et al. (2001) have previously reported character-

ization of one of the Arabidopsis LCB2 genes (At5g23670).

It was shown that the corresponding polypeptide is ER-

localized, as is the Arabidopsis LCB1 subunit (Chen et al.,

2006), and expression of this Arabidopsis LCB2 in a yeast

lcb2D mutant increased SPT activity (Tamura et al., 2001).

Chen et al. (2006) also demonstrated that co-expression of

this Arabidopsis LCB2 subunit along with Arabidopsis

LCB1 resulted in sufficient SPT activity to complement the

long-chain auxotrophy of various yeast SPT mutants. In

the studies reported here, we show that Arabidopsis

contains two functional genes for the LCB2 subunit of

SPT. We also show that these genes are redundant, and

null mutants of both genes display gametophytic lethality,

characterized by alterations in the endomembrane system

of pollen. Furthermore, by development and use of an

inducible RNAi system for silencing of LCB2 gene expres-

sion, we provide evidence that sphingolipid synthesis is

required during multiple stages of plant development, and

not just during gametophyte and embryo development.

Analyses of these LCB2 loss-of-function mutants provide

new insights into the role of sphingolipids in plant growth

and development, and complement ongoing studies of

sphingolipid function in other eukaryotes, including yeast

and mammals.

Results

Arabidopsis contains two functional LCB2 genes

Although sphingolipids are major structural components of

membranes, their functional significance is still not well

defined in plant cells. To obtain more information about

sphingolipid function, Arabidopsis SPT was targeted for

downregulation because this enzyme catalyzes the first

committed step in sphingolipid synthesis. The studies pre-

sented here focus on the LCB2 subunit of SPT because it

contains the catalytically essential Lys residue of SPT, and,

in mammalian and yeast cells, LCB2 appears to be under

greater post-transcriptional regulation than LCB1 (Gable

et al., 2000; Han et al., 2004; Yasuda et al., 2003). As a pre-

lude to these studies, the genes for Arabidopsis LCB2 were

identified, and studies were conducted to determine

their relative contributions to sphingolipid synthesis in

Arabidopsis.
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Searches of the Arabidopsis genome revealed two genes

with significant homology to the yeast LCB2 subunit of SPT:

At5g23670, designated AtLCB2a, and At3g48780, designated

AtLCB2b. These genes have absolute conservation of intron/

exon junctions and encode 489 amino acid polypeptides that

share 89% identity and 47% identity with yeast LCB2. A third

LCB2-like sequence is present in Arabidopsis tandem to

AtLCB2b at chromosome position At3g48790. This gene,

however, appears to be a pseudogene, as it is only a partial

duplicate of AtLCB2b and there is no evidence from EST data

that a transcript is produced from it. At3g48790 encodes a

350 amino acid polypeptide that shares 78% and 82%

identity with the C-terminal portions of AtLCB2a and

AtLCB2b, respectively.

A cDNA corresponding to At5g23670 (AtLCB2a) was

previously confirmed to be a functional LCB2 subunit by

yeast expression experiments, including complementation

of yeast LCB2 mutants (Chen et al., 2006; Tamura et al.,

2001). To determine whether the AtLCB2b gene also

encodes a functional LCB2 subunit, the corresponding cDNA

was co-expressed with the cDNA for the Arabidopsis LCB1

subunit in yeast lcb1D/lcb2D mutants, and shown to rescue

the long-chain base auxotrophy of these cells (Figure 1a).

These results indicate that both AtLCB2a and AtLCB2b are

functional LCB2 subunits. In addition, the activity of SPT in

microsomal extracts from yeast mutants co-expressing

AtLCB1/AtLCB2a and AtLCB1/AtLCB2b was nearly equiva-

lent (Figure 1b), suggesting that AtLCB2a and AtLCB2b

are biochemically capable of functional redundancy in

Arabidopsis.

AtLCB2a and AtLCB2b are ubiquitously

expressed in Arabidopsis

Expression patterns of the two AtLCB2 genes were exam-

ined as an additional approach to determine whether these

genes have distinct or redundant roles in Arabidopsis plants.

Northern blot analyses were performed using probes spe-

cific for AtLCB2a and AtLCB2b (Figure 2). Transcripts for

both genes were detected in all organs, with the highest

expression in flowers. However, expression patterns for

the two genes, although similar, were not identical. The

AtLCB2a transcript was present at higher levels than the

AtLCB2b transcript in all organs analyzed. In addition,

the level of AtLCB2a transcript, in contrast to that of At-

LCB2b, was elevated in roots. The AtLCB2b transcript also

was found at its highest level in mature flowers but to a

lower level in flower buds, while AtLCB2a transcript levels

(a)

(b)

Figure 1. Co-expression of AtLCB2a and AtLCB2b with AtLCB1 complements the long-chain base auxotrophy of a Saccharomyces cerevisiae SPT lcb1D/lcb2D
mutant.

(a) Complementation studies were performed using a S. cerevisiae lcb1D/lcb2D strain that is a sphingolipid long-chain base auxotroph. cDNAs for AtLCB2a and

AtLCB2b were placed under the control of the GAL10 promoter alone or together with the AtLCB1 cDNA under the control of the GAL1 promoter in the yeast

expression vector pESC-URA. The Dlcb1/Dlcb2 strain was transformed with galactose-inducible expression plasmids containing cDNAs for AtLCB1/AtLCB2a,

AtLCB1/AtLCB2b, AtLCB1, AtLCB2a, AtLCB2b and the pESC vector. The lcb1D/lcb2D strain was also co-transformed with plasmids containing the yeast ScLCB1 and

ScLCB2 genes expressed from their native promoters. The transformed cells were grown on media supplemented as shown: (i) with the long-chain base

phytosphingosine and galactose (+PHS +GAL), (ii) with galactose but no phytosphingosine ()PHS +GAL), and (iii) with glucose but no phytosphingosine ()PHS

+GLU). Growth of cells co-expressing AtLCB1/AtLCB2a and AtLCB1/AtLCB2b on –PHS+GAL medium indicates complementation of the long-chain base auxotrophy

of the lcb1D/lcb2D strain.

(b) SPT activity was measured in microsomes isolated from the lcb1D/lcb2D mutant harboring the ScLCB1 and ScLCB2 plasmids (WT), the pESC vector (vector), and

the AtLCB1/AtLCB2a (1/2a) and AtLCB1/AtLCB2b (1/2b) co-expression constructs (n = 3, means and SD). Cells were grown in galactose-induction medium without

long-chain base supplementation (wild-type, 1/2a and 1/2b) or supplemented with phytosphingosine (vector).
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were high in both mature flowers and flower buds (Figure 2).

Furthermore, analysis of RNA isolated from the pistillata (pi)

mutant, which lacks stamens (Bowman et al., 1989), indi-

cated that levels of the AtLCB2b transcript are lower in pi

flowers than in flowers from wild-type plants. This suggests

that the stamen is a major contributor to the AtLCB2b

expression detected in flowers from wild-type plants. In

contrast, AtLCB2a expression appears to be distributed

among the multiple flower parts, as expression of this gene

is similar in flowers from pi and wild-type plants. Consistent

with these results, microarray data from the GENEVESTI-

GATOR database (Zimmermann et al., 2004) also show that

the relative expression of AtLCB2a and AtLCB2b in stamens

as well as pollen is higher than in other organs of Arabid-

opsis (Figure S1).

Analysis of Arabidopsis plants carrying GUS fusion

constructs with promoter sequences for each of the LCB2

genes also revealed these differences in floral expression.

For example, AtLCB2b promoter-mediated GUS expression

in young flower buds was initially restricted to developing

pollen spores within the stamen and is not detected in the

petals, glumes or petiole until the flowers are mature

(Figure 3a,b). In contrast, expression mediated by the

AtLCB2a promoter was detected at high levels in the petiole,

sepals and petals in young flowers, but was not detected in

the anthers during the early stages of pollen development

(Figure 3c,d). GUS analysis also revealed subtle differences

in expression of the two genes within the pistil. AtLCB2b

promoter-driven GUS expression, for example, was not

detected in the pistil of unfertilized flowers but appears after

fertilization, specifically in the funiculi (Figure 3e–g). Con-

versely, AtLCB2a promoter-mediated GUS expression was

detected strongly in the stigma region of the pistil in young

flowers but staining was not seen in the funiculi (Figure 3h,

and data not shown). In seedlings, AtLCB2a promoter:GUS

expression was detected throughout the leaves and roots

(Figure 3i,j), while AtLCB2b promoter:GUS expression was

detected only weakly in leaves but strongly in the root tip

(Figure 3k,l).

Overall, these results indicate that both LCB2 genes are

expressed ubiquitously in Arabidopsis, although AtLCB2a

expression is higher than that of AtLCB2b in most portions

of the plant. In addition, differences in expression levels of

AtLCB2a and AtLCB2b are detectable within specific organs

(e.g. flowers), but distinct spatial separation of the expres-

sion of these genes between organs is not evident.

Characterization of T-DNA insertion alleles

Arabidopsis lines that have T-DNA insertions in either the

AtLCB2a or AtLCB2b gene were obtained, and the insertion

sites were confirmed by sequence analysis of the PCR

product amplified using the T-DNA left border (LB) and a

gene-specific primer. Three T-DNA insertion lines were

characterized for AtLCB2a (SALK_061472, Atlcb2a-1; SAIL

706-A05, Atlcb2a-2; GABI 216-D07, Atlcb2a-3), and one line

was characterized for AtLCB2b (SALK_110242, Atlcb2b-1;

Figure 4a). RNA isolated from homozygous plants was tes-

ted by RT-PCR to confirm that each insertion resulted in the

absence of detectable transcript accumulation of the

respective gene (Figure 4b). Plants homozygous for either

the AtLCB2a T-DNA insertion alleles or the AtLCB2b T-DNA

allele showed no apparent differences in growth or devel-

opment in comparison to wild-type plants (data not shown).

To determine whether either single mutation affects

sphingolipid composition, the total long-chain base extracts

for wild-type, Atlcb2a-1, and Atlcb2b-1 plants were analyzed.

Leaves from wild-type Arabidopsis contain six distinct long-

chain base species (Table 1). The cis (E) and trans (Z)

isomers of t18:1 account for approximately 85% of the total

long-chain bases, with t18:0, d18:1Z, d18:1E and d18:0

accounting for the remaining long-chain bases. All of the

AtLCB2 mutants had very similar long-chain base composi-

tions, with the only significant difference being a slight

increase in the percentage of t18:0 in both mutants (Table 1).

The total long-chain base content for wild-type Arabidopsis

leaves was 2.05 � 0.28 nmol/mg DW (n = 3, mean � SD).

The total long-chain base contents for the Atlcb2a-1

and Atlcb2b-1 mutants were 1.71 � 0.13 (n = 3) and

1.87 � 0.26 nmol/mg DW (n = 3), respectively. These values

are not significantly different from the long-chain base

content in leaves from wild-type plants, and indicate that

T-DNA disruption of one AtLCB2 gene does not result in

significant reductions in long-chain base content. The

Figure 2. Expression of AtLCB2a and AtLCB2b in various organs of Arabid-

opsis.

Northern blot analyses for AtLCB2a and AtLCB2b expression in Arabidopsis

organs at various growth stages. Hybridization was first performed using an

AtLCB2a-specific probe, and the blot was re-hybridized with an AtLCB2b-

specific probe. RNA samples were taken from 10-day-old soil-grown seed-

lings and from mature plants. Mature flowers contained visible pistils.

Siliques at 3–7 days post-anthesis were collected for the young silique

sample, and fully elongated siliques prior to senescence were collected for the

mature silique sample. All samples were from wild-type Col-0, except for the

pi flower sample, which is from the inflorescence of a pistillata indeterminate

(pi) mutant. Ethidium bromide-stained 40S ribosomal bands are shown below

to confirm equal loading.
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similar long-chain base compositions and contents between

mutants and wild-type plants indicate that the two AtLCB2

genes are redundant and loss of one gene is compensated

for by expression of the second gene. Based on quantitative

RT-PCR performed on RNA from seedlings, this compensa-

tion does not appear to be due to changes in transcription,

because AtLCB2a expression is not significantly increased in

AtLCB2b mutants and vice versa (data not shown).

(a) (c)

(b) (d)

(e)

(i) (j) (k) (l)

(f) (g) (h)

Figure 3. GUS expression analysis for AtLCB2a

and AtLCB2b promoters.

Comparison of AtLCB2a and AtLCB2b expression

patterns for promoter:GUS fusion constructs.

AtLCB2b promoter-mediated expression of GUS

in (a) an inflorescence, (b) an immature flower

that has been opened, (e) a mature flower, and (f)

a pistil from a mature flower; funiculus staining

in (g) developing seeds, (k) seedling and (l) root

tip. AtLCB2a promoter-mediated expression of

GUS in (c) an inflorescence, (d) an immature

flower that has been opened, (h) a mature flower,

(i) a seedling, and (j) a seedling root tip.
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AtLCB2a and AtLCB2b are redundant genes

To test for gene redundancy, crosses were made between

plants containing the Atlcb2a-1 and Atlcb2b-1 mutant

alleles. From these crosses, double heterozygous plants

were identified and taken to the F2 generation in order to

obtain double mutant progeny at an expected frequency of

1/16. PCR genotyping of 88 F2 progeny, however, did not

identify any plants with the double mutant genotype

(Table 2). To increase the expected frequency of recovering

plants with the double mutant genotype, F3 progeny from

plants that were homozygous for one mutation and hetero-

zygous for the other were analyzed. One quarter of the

progeny from these plants would be expected to be a double

mutant, yet genotyping of 215 individual F3 progeny from a

plant homozygous for the Atlcb2a-1 mutant and hetero-

zygous for Atlcb2b-1 mutant (i.e. aaBb) and 202 F3 progeny

from a plant homozygous for the Atlcb2b-1 mutant and

heterozygous for the Atlcb2a-1 mutant (i.e. Aabb) failed to

identify a single double mutant plant (Table 2). In addition,

the observed genotypic ratios were statistically different

from the expected ratios when calculated using a full

genotypic ratio or a ratio adjusted to account for embryo

lethality (Table 2, and data not shown). These results sug-

gest gametophytic lethality.

LCB2 is required for normal gametophyte development

Reciprocal crosses were performed using plants of the aaBb

or Aabb genotype to test for gametophytic lethality

(Table 3). One-half of the progeny from these crosses would

be expected to carry both mutant alleles, i.e. have the AaBb

genotype. However, when these plants were used as the

pollen (male) source to cross with wild-type plants, none of

the resulting progeny carried both mutant alleles. This

indicates that pollen with the double hemizygous mutant

genotype (ab) is either non-viable or does not participate in

fertilization. When these same plants were used as females

to cross with pollen from wild-type plants, progeny were

recovered that carried both mutant alleles, although at less

than the expected frequency of 50%. Transmission through

the female gametophyte was 20% when the female geno-

type was aaBb and 25% when the female genotype was

Aabb. The results from these reciprocal crosses reveal that

the failure to recover double Atlcb2a/Atlcb2b mutants is not

due to embryo lethality but instead is due to inability to

transmit the double mutant genotype through the haploid

pollen.

To confirm these results, the Atlcb2b-1 mutant was

crossed with a second mutant allele of AtLCB2a (Atlcb2a-2,

SAIL_706-A05), and similar analyses were performed. Con-

sistent with the data detailed above, double mutant plants

were not recovered, due again to failure of the double

haploid mutant genotype to transmit through the male

gametophyte (Tables S1 and S2). Transmission through the

female gametophyte was again reduced, but, with this allele

(a)

(b)

Figure 4. T-DNA insertion mutants of AtLCB2a and AtLCB2b.

(a) Structures of the T-DNA mutants for AtLCB2a and AtLCB2b used in these

studies. The positions of T-DNA insertions are indicated by inverted triangles.

Exons are indicated by solid boxes, introns are shown as black lines, and 5¢
and 3¢ untranslated regions are shown in grey. The positions of primers used

for determining the expression of AtLCB2a and AtLCB2b in T-DNA mutants

are indicated by arrows with the accompanying primer name. The primers

shown were confirmed to yield products of the expected size in RT-PCR

experiments with wild-type plants (data not shown).

(b) RT-PCR analysis of AtLCB2a and AtLCb2b expression in leaves of wild-type

plants (Col-0) and T-DNA mutants for each gene. Expression of AtLCB2a was

assessed using primers P1 and P2 [as shown in (a)] for wild-type, Atlcb2a-1

and Atlcb2b-1, primers P3 and P5 for Atlcb2a-3, and primers P4 and P5 for

Atlcb2a-2. Expression of AtLCB2b was assessed using primers P6 and P7. The

quality of cDNA from wild-type and T-DNA mutant plants was confirmed by

RT-PCR experiments using primers specific for the b-tubulin gene TUB1

(Tubulin).

Table 1 Sphingolipid long-chain base
composition (mol%) of leaves from wild-
type (Col-0) and Atlcb2a-1 and Atlcb2b-1
plants

t18:1(Z) t18:1(E) t18:0 d18:1(Z) d18:1(E) d18:0

Wild-type 22.2 � 0.8 62.9 � 1.0 5.4 � 0.2 1.1 � 0.2 7.4 � 0.9 0.7 � 0.2
Atlcb2a 21.5 � 1.0 61.7 � 1.2 7.3 � 0.1 1.0 � 0.1 7.3 � 0.8 0.9 � 0.1
Atlcb2b 21.7 � 0.7 62.1 � 0.6 6.4 � 0.3 1.0 � 0.1 7.5 � 0.6 0.9 � 0.1

Each value is the mean of three or four independent measurements � SD.
Abbreviations: t18:1(E or Z), 4-hydroxy-8-(trans or cis)-sphingenine; t18:0, 4-hydroxysphinganine
or phytosphingosine; d18:1(E or Z), 8-(trans or cis)-sphingenine; d18:0, sphinganine or dihydrosp-
hingosine.
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combination, transmission through the female was 43%

when either aaBb or Aabb were pollinated with wild-type

pollen (Table S2). These results indicate that penetrance of

the double LCB2-null alleles through the female gameto-

phyte is variable, based on the differing rates of transmis-

sion through the female between the allele combinations

shown in Table 2 and Table S2. This variability was evident

in siliques from self-pollinated plants. Siliques contained

normal seeds in addition to apparently unfertilized ovules

and embryos arrested at the zygotic stage (Figure S2).

LCB2 is required for pollen development

To determine the basis for the lack of pollen transmission of

both mutant alleles, viability staining was performed with

pollen from plants with aaBb and Aabb genotypes.

Approximately 50% of the pollen from these mutants was

non-viable. This phenotype was observed for combinations

of Atlcb2a-1/Atlcb2b-1 and Atlcb2a-2/Atlcb2b-1 mutant

alleles. In contrast, >99% of the pollen was viable from wild-

type plants and plants homozygous for T-DNA insertions in

either AtLCB2 gene (Figure 5a,b, and data not shown).

To further characterize this phenotype, 4¢,6-diamidino-2-

phenylindole (DAPI)-stained pollen from wild-type and

mutant plants at various stages of development was

observed using white-light and epifluorescence microscopy.

Pollen from plants with T-DNA insertions in either gene

appeared the same as that from wild-type plants at the

unicellular, bicellular and tricellular stages of development

(data not shown). In mutant plants with the aaBb or Aabb

genotype, nearly all of the unicellular microspores were

similar to those of wild-type plants at the earliest stages of

development. At this point in development, microspores

from the aaBb, Aabb and wild-type plants contained a single

generative nucleus (Figure 5c–f). However, marked differ-

ences were observed between pollen from wild-type and

double mutant plants at the subsequent bicellular stage of

development (Figure 5g–j). At this stage, most pollen from

wild-type plants contained a large vegetative nucleus and a

single generative nucleus (Figure 5h). In contrast, approxi-

mately 50% of the pollen at this stage in the homozygous/

heterozygous double mutant allele plants (i.e. aaBb and

Aabb) lacked DAPI-stained nuclei (Figure 5j), and the pollen

was about half the size of that from wild-type plants

(Figure 5g versus Figure 5i). These differences were also

observed in pollen at the later tricellular stage (Figure 5k–n).

At this point in development, pollen from wild-type plants

had two intensely stained generative nuclei and one dif-

fusely stained vegetative nucleus (Figure 5l). Similar to the

bicellular stage, approximately 50% of the pollen from the

homozygous/heterozygous double mutant allele plants was

smaller and did not have the typical tri-nucleate DAPI

staining pattern (Figure 5n). Most of these small pollen

grains did not stain with DAPI, although occasional diffuse

Table 3 Segregation analysis of progeny from reciprocal crosses of
plants carrying mutant AtLCB2 alleles

Parent
genotypea

Progeny genotype (observed/expected)b

AaBb AaBB AABb Total

aaBb – femalec,e 49/123 197/123 N/Af 246
aaBb – maled,e 0/67 134/67 N/A 134
Aabb – femalec,e 59/118 N/A 177/118 236
Aabb – maled,e 0/43 N/A 86 /43 86

aAn upper-case letter indicates the wild-type allele of AtLCB2a (A) and
AtLCB2b (B). A lower-case letter indicates the mutant alleles for
Atlcb2a-1 (a) and Atlcb2b-1 (b).
bProgeny genotypes were determined by PCR analysis.
cFlowers from plants with the indicated genotypes were emasculated
and pollinated using pollen from a wild-type plant.
dPlants with indicated genotypes were used to pollinate emasculated
flowers from wild-type plants.
ev2 analysis indicates that the observed genotypic ratios are statisti-
cally different at the 99% confidence interval from the expected
genotypic ratio for this population.
fN/A, the designated genotype is not obtainable from the parent
plants used.

Table 2 Segregation analysis of F2 and F3 progeny from plants carrying AtLCB2 mutant alleles

Parent
genotypea

Progeny genotype (observed/expected)b

AABB AaBB AABb AaBb aaBB aaBb AAbb Aabb aabb Total

F2 – AaBbc,e 5/5.5 14/11 18/11 27/22 8/5.5 4/11 7/5.5 5/11 0/5.5 88
F3 – aaBbd,e N/Af N/A N/A N/A 165/54 50/108 N/A N/A 0/54 215
F3 – Aabbd,e N/A N/A N/A N/A N/A N/A 154/51 48/101 0/51 202

aAn upper-case letter indicates the wild-type allele of AtLCB2a (A) and AtLCB2b (B). A lower-case letter indicates the mutant alleles for Atlcb2a-1 (a)
and Atlcb2b-1 (b).
bProgeny genotypes were determined by PCR analysis.
cGenotyping results of 88 individual F2 progeny from doubly heterozygous parent plants.
dGenotyping results of F3 progeny from parent lines homozygous for one mutant allele and heterozygous for the other.
ev2 analysis indicates that the observed genotypic ratios are statistically different at the 99% confidence interval from the expected genotypic ratio
for this population.
fN/A, the designated genotype is not obtainable from the parent plants used.
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staining was observed. These results indicate that loss of

pollen viability arises early in pollen development during

transition from the uni-nucleate microspore to the bicellular

pollen grain, suggesting that sphingolipids are particularly

important at this stage in development.

Transmission electron microscopy of developing pollen

identified indicators of gametophytic lethality between the

unicellular microspores and the bicellular pollen stage.

Anthers from plants genotyped as homozygous/hetero-

zygous for the mutant alleles (Aabb; i.e. producing 50%

mutant pollen) were compared with anthers from the single

mutant (AAbb; i.e. producing only normal pollen) and wild-

type plants. Developing pollen from the single mutants and

wild-type plants was comparable to developing pollen from

wild-type Arabidopsis as previously described (Owen and

Makaroff, 1995). Sections from these plants were used as a

reference to identify abnormally developed pollen from

Aabb plants at a similar developmental stage. Anthers from

Aabb plants with pollen at the bicellular I stage had both

normal pollen and apparently mutant pollen (Figure 6a–c).

The normal pollen at this developmental stage had passed

through mitosis I. By this stage, the large central vacuole had

fragmented and the generative cell was attached to the wall

of the vegetative cell (Figure 6b). Mutant microspores were

also present that appeared to be arrested at a mid- to late-

microspore stage and were presumed to be the double

mutant microspores (Figure 6c). The central vacuole in the

mutant microspores did not appear to be resorbed, as is the

case in normal pollen development. Instead, the vacuole

persisted in the microspore and often appeared to contain

some internal degradation products. The cytoplasm of these

microspores was less dense compared to normal bicellular I

pollen, and plastids were dilated and lacked oil droplets

found in normal bicellular I pollen (Figure 6b). Furthermore,

the nuclear envelope structure was modified by the forma-

tion, in some regions, of vesicles between the inner and

outer membrane (Figure 6f). The absence of heterochroma-

tin correlates with the lack of DAPI staining (Figure 5f). These

microspores also lacked the intine layer that is present in

normal bicellular I pollen (compare Figure 6d and Figure

6e). Deposition of the intine layer is associated with endo-

membrane components including Golgi stacks and the ER

(Figure 6d; Hess, 1993; Nakamura, 1979). The lack of clearly

defined ER and Golgi in the mutant pollen (Figure 6e)

correlates with the absence of a functioning endomembrane

system for deposition of the intine layer. The cytoplasm in

the double mutant microspores generally showed lower

contrast compared to wild-type cells. In anthers containing

wild-type pollen at the tricellular stage, the double mutant

pollen was aborted, exhibiting cell death (data not shown).

Overall, these observations indicate that the pollen lethality

in the double AtLCB2a/AtLCB2b mutant is associated with

defects in the endomembrane system.

Inducible downregulation of SPT reveals the essential

nature of sphingolipids during sporophytic growth

The gametophytic lethality associated with T-DNA disrup-

tion of both AtLCB2 genes precludes the examination of

phenotypes arising from loss of sphingolipid production in

diploid sporophytic cells. As an alternative approach to

examine the sphingolipid requirements of sporophytic cells,

an RNAi expression cassette was generated for inducible

silencing of AtLCB2b in an Atlcb2a mutant background. The

system used was based on those described by Padidam

et al. (2003) and Koo et al. (2004), and allows induction of an

AtLCB2b-specific hairpin by application of the ecdysone

receptor agonist methoxyfenozide. The genetic elements of

this system, which are shown in Figure S3, were assembled

into a binary vector conferring hygromycin resistance. To

test the efficacy and specificity of this system, the binary

vector was transformed into wild-type Arabidopsis, and

AtLCB2a and AtLCB2b expression was monitored by RT-PCR

(a) WT aaBb

(c) (d) (e) (f)

(g) (h) (i) (j)

(k) (l) (m) (n)

(b)

Figure 5. Pollen development in wild-type and mutant plants.

Pollen viability was assessed using Alexander’s stain for (a) wild-type plants

and (b) plants genotyped as homozygous for the Atlcb2a-1 mutant allele and

heterozygous for the Atlcb2b-1 mutant allele (i.e. aaBb). Red pollen grains are

viable; shrunken green pollen grains are non-viable. (c–n) DAPI-stained pollen

grains were observed using white-light (c, g, k, e, i, m) and epifluorescence (d,

h, l, f, j, n) microscopy. Pollen from wild-type plants at (c, d) the unicellular

microspore stage, (g, h) the bicellular pollen stage, and (k, l) the tricellular

pollen stage, and pollen from mutant plants at (e, f) the unicellular microspore

stage, (i, j) the bicellular pollen stage, and (m, n) the tricellular pollen stage.

Similar patterns of viability and DAPI staining were observed for pollen from

plants heterozygous for the Atlcb2a-1 mutant allele and homozygous for the

Atlcb2b-1 mutant allele (i.e. Aabb) as well as for the corresponding combi-

nations of Atlcb2a-2 and Atlcb2b-1 mutant alleles. Scale bars = 20 lm (a, b)

and 10 lm (c–n).
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following application of methoxyfenozide. Gene expression

studies conducted three days after application of the inducer

showed that AtLCB2b expression was downregulated in two

of the three lines examined, but AtLCB2a expression was

unaffected (Figure S3). These results indicate that the RNAi

construct is specific for inducible silencing of AtLCB2b.

(a) (d) (e)

(f)

(b) (c)

Figure 6. LCB2 is required for intine formation.

Transmission electron microscopy of pollen from plants heterozygous for the Atlcb2a-2 mutant allele T-DNA insertion and homozygous for the Atlcb2b-1 mutant

allele, which contain 50% aborted pollen.

(a) A single locuole containing a mixture of normal and mutant Atlcb2a-1/Atlcb2b-1 pollen (asterisks); scale bar = 10 lm.

(b, c) Magnifications from the locuole in (a): normal pollen (b) is bicellular (GC, generative cell) with intine (arrow) and plastids (P) containing oil droplets; mutant

Atlcb2a-1/Atlcb2b-1 pollen (c) lacks intine (arrow), and has a prominent vacuole (V) and dilated plastids (P) lacking oil droplets; N, nucleus; scale bars = 5 lm.

(d, e) Cell wall in normal (d) and mutant (e) pollen. Normal pollen has intine (I) and associated endomembrane components (G, Golgi stacks; ER); mutant pollen lacks

intine (arrow) and the ER is vesiculated and ill-defined. Scale bars = 200 nm (d) and 1 lm (e). (f) The nuclear envelope (bracketed by arrows) in the mutant contains

vesicles. Bar = 200 nm.
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This same binary vector was introduced into a line

homozygous for the Atlcb2a-1 mutant allele. Sixty indepen-

dent hygromycin-resistant T1 plants were grown to produce

segregating T2 lines. Hygromycin-resistant plants from

these lines were treated with the methozyfenozide inducer

at 3 weeks old. At 5–7 days post-induction, extensive chlo-

rosis was observed on the expanded portions of leaves

(Figure 7), followed by the development of necrotic lesions

and eventual death of the plant. A similar phenotype was

observed in more than 40 independent lines. In addition,

application of the inducer to 10-week-old plants at the latter

stages of bolting resulted in a similar pattern of chlorotic

patches on leaves followed by necrosis in Atlcb2a mutant

plants harboring the AtLCB2b RNAi transgene (Figure S4).

These phenotypes were not observed in response to meth-

oxyfenozide application in wild-type plants or Atlcb2a-1

mutant plants lacking the inducible AtLCB2b RNAi construct.

To determine the effect of inducible suppression of AtLCB2b

on sphingolipid synthesis, the total long-chain base content

of leaves from hydroponically grown Atlcb2a-1 plants was

determined at 7 days post-induction. The use of a hydro-

ponic system allowed more uniform delivery of the inducer

and more reproducible measurements of long-chain base

content. In these studies, the long-chain base content of

leaves from Atlcb2a-1 mutant plants lacking the inducible

RNAi construct was 1.37 � 0.11 nmol mg)1 DW (n = 3,

mean � SD) at 7 days post-induction, whereas the long-

chain base content of leaves from Atlcb2a-1 mutant plants

with the inducible RNAi construct was 0.88 �
0.19 nmol mg)1 DW (n = 4). This indicates that inducible

(a) (b)

(c) (d)

Figure 7. Induced silencing of the AtLCB2b gene in an Atlcb2a-1 mutant

background results in lethality.

(a) A 3-week-old non-transformed Atlcb2a-1 plant and (b) an Atlcb2a-1

plant transformed with the inducible AtLCB2b RNAi construct, before

methoxyfenozide induction. (c, d) The same non-transformed (c) and

transformed (d) plant at 5 days after induction.

(a)

(b)

Figure 8. Complementation of induced AtLCB2

lethality by growth on medium containing the

long-chain base C17 sphinganine.

(a) Seven-day-old seedlings homozygous for the

inducible AtLCB2b-specific RNAi construct in an

Atlcb2a-1 mutant background, germinated on

methoxyfenozide induction medium without

exogenous C17 sphinganine (d17:0) long-chain

bases (AtLCB2b hp/Atlcb2a minus d17:0) or with

200 lM d17:0 (AtLCB2b hp/Atlcb2a plus d17:0).

Also shown are seedlings from the Atlcb2a-1

mutant (lacking the inducible RNAi construct)

germinated on induction medium supplemented

with long-chain bases (Atlcb2a plus d17:0).

(b) HPLC analysis of the long-chain base compo-

sitions of sphingolipids from 10-day-old wild-

type seedlings grown on medium lacking exo-

genous d17:0 (wild-type w/o d17:0) and from

Atlcb2a seedlings containing the inducible

AtLCB2b RNAi construct on medium with meth-

oxyfenozide and exogenous d17:0 (induced

AtLCB2b-RNAi +d17:0). Long-chain bases were

analyzed as fluorescent derivatives following

hydrolysis of sphingolipids.
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downregulation of SPT results in significant reductions in

long-chain base content.

To confirm that the cell-death phenotype is due to loss of

SPT activity, homozygous T3 lines were grown on medium

containing the long-chain base C17 sphinganine (d17:0).

Atlcb2a-1 seeds containing the inducible AtLCB2b RNAi

construct germinated on medium containing methoxy-

fenozide without d17:0, but the seedlings had severely

reduced root growth and arrested before the emergence of

the first true leaves (Figure 8a). At this stage, the seedlings

became chlorotic, except in the meristem region which

remained green due to lack of RNAi silencing in meri-

stematic cells (Voinnet et al., 1998). By contrast, seedlings

grown on induction medium supplemented with d17:0 had

normal root growth and partially restored shoot growth

(Figure 8a). Atlcb2a-1 mutant or wild-type plants grown on

induction plates appeared normal with or without d17:0

supplementation (Figure 8a, and data not shown). Long-

chain base analysis of sphingolipids was conducted on the

chemically complemented plants to determine whether the

d17:0 was incorporated. These analyses revealed not only

d17:0, but also t17:0 and Z and E isomers of t17:1 and d17:1

(Figure 8b), indicating that the exogenous long-chain bases

are indeed incorporated and further metabolized by the

seedlings. Overall, these results provide direct evidence that

blockage of sphingolipid long-chain base production is the

basis for the loss of cell viability. These results also show

that sphingolipid synthesis is essential during at least three

different sporophytic growth stages: (i) seedling establish-

ment, (ii) in the young plant prior to bolting, and (iii) in the

mature plant at later stages of bolting.

Discussion

The LCB2 subunit of serine palmitoyltransferase is

encoded by two redundant genes in Arabidopsis

The results from this study and from our previous report

(Chen et al., 2006) show that the Arabidopsis LCB2-related

polypeptides encoded by At5g23680 (AtLCB2a) and

At3g48780 (AtLCB2b) are able to rescue the long-chain base

auxotrophy of yeast serine palmitoyltransferase mutants

when co-expressed with the Arabidopsis LCB1 subunit.

These findings provide conclusive evidence that the two

Arabidopsis genes encode bona fide LCB2 subunits that

function as heteromeric proteins with LCB1 to yield an active

SPT. In addition, nearly the same SPT activity was detected

in microsomes from the complemented yeast expressing

either of the Arabidopsis LCB2 polypeptides together with

Arabidopsis LCB1. This suggests that the two Arabidopsis

LCB2 polypeptides are catalytically redundant in the het-

eromeric SPT complex. Furthermore, the observations that

mutants for either AtLCB2a or AtLCB2b do not display

changes in sphingolipid content or growth phenotypes, yet

double mutants for these genes are not recoverable, indicate

that AtLCB2a and AtLCB2b are functionally redundant.

LCB2 loss-of-function mutant reveals that sphingolipids

are essential for gametophytic development

No obvious defects in growth and development were

observed in single mutants for either AtLCB2a or AtLCB2b.

Double mutants, however, could not be recovered due to

defects in gametophyte development. Reciprocal crossing

demonstrated that gametes containing a T-DNA insertion in

both genes were 100% non-transmitted through the male

gametophyte, and were transmitted at a reduced frequency

through the female gametophyte. Gametophytic mutations

that affect both male and female gametophyte development

typically have a greater impact on pollen rather than ovules

(Grini et al., 1999; Johnson et al., 2004). This is probably due

to more substantial contributions of the surrounding

maternal tissue to female gametophyte development, and

may explain the stronger effect of LCB2-null mutations on

pollen viability.

The gametophytic mutations associated with knockout of

both AtLCB2 genes result in loss of pollen viability early in

microspore development, between the unicellular and

bicellular microspore stages. This suggests that sphingoli-

pids have an essential role during this period of pollen

maturation. One dramatic event that occurs at this stage in

wild-type microspores is formation and subsequent resorp-

tion of a large central vacuole (Owen and Makaroff, 1995;

Yamamoto et al., 2003). As shown in Figure 6, double

mutant microspores do not resorb the vacuole (Figure 6).

A cell impaired in sphingolipid biosynthesis might be

expected to have defects in vacuole biogenesis given that

sphingolipids are enriched in the tonoplast in plant cells

(Verhoek et al., 1983; Yoshida and Uemura, 1986), and

altered vacuole morphology has been observed in yeast

mutants that are defective in sphingolipid synthesis (Færg-

eman et al., 2004). However, more striking phenotypes in the

double mutant pollen were the reduced content of the

endomembrane system components (ER and Golgi stacks),

and the associated absence of the pollen wall intine layer.

Loss of these primary endomembrane components is prob-

ably a major contributor to the gametophytic lethality

observed in LCB2-null mutants. For example, deposition of

the polysaccharides that comprise the intine layer requires a

functional ER and Golgi system (Hess, 1993; Nakamura,

1979). Plant membrane fractions enriched in Golgi have

recently been shown to contain sphingolipids (Laloi et al.,

2007), and alterations in sphingolipid composition have

been linked with defects in membrane trafficking in Arabid-

opsis (Zheng et al., 2005). Although there is a clear link

between intine formation and a functional endomembrane

system, less obvious is the relationship of the endomem-

brane system to other mutant phenotypic characteristics,
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such as formation of vesicles in the nuclear envelope and the

alteration of plastid structure, and lack of DAPI staining in

the nucleus.

The gametophytic lethality of the AtLCB2 double knockout

is somewhat surprising in light of the recently reported

embryo-lethal phenotype associated with a T-DNA insertion

in the Arabidopsis LCB1 gene (Chen et al., 2006). Because

SPT is a heteromeric enzyme with LCB1 and LCB2 subunits,

null mutations in either the LCB1 or LCB2 subunits would be

expected to give the same phenotype. However, this does

not appear to be the case for Arabidopsis LCB1 and LCB2

knockouts. One possible explanation for this anomaly is that

the AtLCB1 mutant analyzed by Chen et al. (2006) was not a

null allele. The T-DNA insertion described in this previous

report is located in an intron of the AtLCB1 gene, and it is

therefore possible that a low level of LCB1 transcript

accumulates in the mutant, allowing sufficient SPT activity

for gametophyte development but not embryo develop-

ment. An alternative explanation for the different pheno-

types between the LCB1 and LCB2 knockouts is that the LCB1

polypeptide is sufficiently stable to allow maternally inher-

ited LCB1 protein to persist through microspore develop-

ment before LCB1 turnover depletes the level of LCB1 in the

embryo. Consistent with this, studies with yeast and

mammalian cells have shown that LCB2 is more subject to

post-transcriptional turnover than LCB1 is (Gable et al.,

2000; Yasuda et al., 2003), which may serve as a regulatory

mechanism of SPT activity.

Inducible silencing of LCB2 demonstrates the essential

nature of sphingolipids throughout sporophytic

growth of Arabidopsis

As part of our studies, we developed a methoxyfenozide-

inducible system for RNAi-mediated silencing of LCB2. The

inducible RNAi construct targeted suppression of AtLCB2b

and was introduced into an Atlcb2a mutant background.

With this system, we showed that the lethality associated

with LCB2 silencing in seedlings could be partially rescued

by inclusion of exogenous long-chain bases in the med-

ium. This provides direct evidence that the loss of viability

associated with the reduction of LCB2 expression is due to

the accompanying loss of long-chain base biosynthesis.

The use of a long-chain base with an odd carbon number

enabled us to demonstrate that the exogenous long-chain

base is incorporated and further metabolized in the seed-

ling. The exogenous d17:0 was shown to be further

hydroxylated to form t17:0 and was also desaturated to

form cis and trans isomers of d17:1 and t17:1. To our

knowledge, long-chain bases with an odd number of

carbon atoms have not previously been used to study

sphingolipid metabolism in plants. It is likely that such

molecules can be used as easily traceable probes for

understanding the sequence of long-chain base modifica-

tion reactions in plants, as well as for defining the form of

the substrate for these reactions (e.g. free long-chain base,

ceramide). In combination with inducible silencing of

LCB2, long-chain bases with an odd number of carbon

atoms may have utility, for example, in determining the

rate of sphingolipid turnover in plants cells.

Using the inducible system for silencing LCB2 expression,

it was also demonstrated that active sphingolipid synthesis

is required throughout the growth of Arabidopsis, including

the latter stages of growth during seed set. Silencing of LCB2

at various stages of growth was accompanied by extensive

chlorosis, initially in older leaves, that was usually evident

within five days after application of the methoxyfenozide

inducer. This phenotype was followed by the development

of extensive necrosis and eventual senescence. Measure-

ments of the level of long-chain bases in hydroponically

grown Arabidopsis plants revealed that induction of LCB2

silencing resulted in significant decreases in total sphingo-

lipid content relative to induced control plants. This sug-

gests that turnover of sphingolipids occurs in Arabidopsis,

and the loss of viability accompanying LCB2 silencing may

be due, in part, to the reduced ability to replenish sphingo-

lipids following their turnover. Based on this and prior

reports of sphingolipid function, it also likely that down-

regulation of sphingolipid synthesis has an impact on

endomembrane trafficking and possible regulatory func-

tions of sphingolipids and sphingolipid metabolites (e.g.

long-chain base phosphates and ceramides) in basic cellular

processes (Coursol et al., 2003, 2005; Liang et al., 2003; Ng

et al., 2001; Zheng et al., 2005).

Overall, our studies have provided information on the

biochemical and genetic make-up of Arabidopsis SPT, and

have highlighted the importance of sphingolipid biosynthe-

sis for gametophytic and sporophytic viability. It is antici-

pated that the mutants and the inducible SPT silencing

system will be useful for defining the cellular processes that

lead to cell death under conditions of sphingolipid defi-

ciency, and will also be useful for studies of sphingolipid

metabolism in plants.

Experimental procedures

Plant material and growth conditions

For sterile growth, Arabidopsis (Col-0) seeds were surface-steril-
ized and sowed on half-strength MS agar plates (Sigma-Aldrich,
http://www.sigmaaldrich.com/) containing 1% sucrose. After
2 days of stratification at 4�C, the plates were maintained under
16 h light/8 h dark conditions (120 lmol m)2 sec)1, 23�C). Soil-
grown plants were maintained at 22�C and 50% humidity under a
16 h light (100 lmol m)2 sec)1)/8 h dark cycle. Chemical induction
of RNAi transgenes was performed by foliar application of a 1/
10 000 dilution of methoxyfenozide (Intrepid 2F�, Dow Agro-Sci-
ences; http://www.dowagro.com) to soil-grown plants or to the
medium after autoclaving for plants maintained on MS agar
plates. Inducible RNAi studies were also performed using plants
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grown hydroponically as described previously (Norén et al., 2004)
with the addition of methoxyfenozide (1/10 000 dilution) to the
medium. For complementation experiments, D-erythro-C17-
sphinganine (Avanti Polar Lipids; http://www.avantilipids.com)
was dissolved in methanol to a concentration of 5 mM and added
to medium containing 0.2% Tergitol NP-40 (Sigma) to a final
concentration of 200 lM.

Genotyping of T-DNA insertion lines

SALK and SAIL T-DNA lines were obtained from the Arabidopsis
Biological Research Center. For genotyping F2 and F3 progeny, plant
tissue was collected on 96-well format CloneSaver cards (Whatman
BioScience; http://www.whatman.com) and processed according to
the manufacturer’s instructions. Two separate PCR reactions were
performed to genotype each allele. For SALK_061472 genotyping,
the LB primer LB1a 5¢-TGGTTCACGTAGTGGGCCATCG-3¢ and the
gene-specific primer 5¢-GAGATTTCTTCCGTCGCTTC-3¢ (P1) were
used to test for the presence of the T-DNA, and primers P1 and
5¢-AGCAGGCTTTCCCACAAACC-3¢ (P2) were used to test for
homozygosity. For GABI 216-D07 genotyping, the LB primer
5¢-CCCATTTGGACGTGAATGTAGACAC-3¢ and the gene-specific
primer 5¢-ACCGGAAGTTGTGGCCATATG-3¢ (P3) were used to test
for the presence of the T-DNA, and primers P3 and 5¢-TAG-
GCATGACTGGGGAATCAT-3¢ (P5) were used to test for homo-
zygosity. For SAIL 706-A05 genotyping, the LB primer 5¢-GCTT-
CCTATTATATCTTCCCAAATTACC-3¢ and the gene-specific primer
P5 were used to test for the presence of the T-DNA, and primers
5¢-GCTCATCTTTACGCAACATCCATAC-3¢ (P4) and P5 were used to
test for homozygosity. For SALK_110242 genotyping, LB1a and the
gene-specific primer 5¢-TCTGCCCGAGATTGTTTCAATA-3¢ were
used to test for the presence of the T-DNA, and the primers
5¢-ATCGGCGATAAAGGTTATCCTTG-3¢ (P6) and 5¢-CCAAACATC-
TCTTGGAAAGAAACTG-3¢ (P7) were used to test for homozygosity.

Vector construction

A vector for inducible RNAi silencing of AtLCB2b was generated
using genetic elements from the previously described inducible
ecdysone receptor-based system (Padidam et al., 2003). The VGE
element, containing the VP16 activation domain (V), GAL4 binding
domain (G) and an ecdysone receptor domain (E), all under the
control of the cassava mosaic virus promoter, was linked via a short
spacer to a cassette containing five copies of the GAL4 response
element with a minimal 35S promoter (5XG-M35S). These inducible
regulatory elements were assembled in pBluescript SK+ (Strata-
gene, http://www.stratagene.com/). An AtLCB2b-specific RNAi
inverted repeat was then introduced downstream of the 5XG-M35S
cassette. The inverted repeat was prepared by PCR amplification of
286 bp encompassing primarily the 3¢ UTR of AtLCB2b, using the
sense and antisense oligonucleotides 5¢-CAGGTTATAAGCAAA-
GCAGGTGAC-3¢ and 5¢-GGCAACAATATATAGAGGGACACTATAC-
3¢. The resulting cassette containing VGE, 5XG-M35S and the
AtLCB2b inverted repeat was introduced as an AscI fragment into
the pEC291 binary vector, which contains a hygromycin phospho-
transferase gene for transgenic plant selection.

For yeast complementation studies, the AtLCB2b cDNA was
cloned as an EcoRI/PacI fragment downstream of the GAL10
promoter in the pESC-URA vector (Stratagene), alone or in combi-
nation with the AtLCB1 cDNA under the control of the GAL1
promoter in this vector. The AtLCB2b cDNA was amplified by PCR to
generate the flanking restriction enzyme sites using the forward and
reverse primers 5¢-TTTGAATTCGAGCTGAAACAATGATTACGA-

TCC-3¢ and 5¢-ATATTAATTAACTGTTGCCTTACGGGTTTAATCC-3¢.
Yeast expression plasmids containing the AtLCB2a and AtLCB1
cDNAs separately or in combination were the same as previously
described (Chen et al., 2006).

The AtLCB2a and AtLCB2b promoter:GUS reporter constructs
were generated by amplification of approximately 1.0 kb sequences
upstream of their start codons using the oligonucleotides
5¢-GCAAGCTTCCTCAGCCAGTTGATAGATCATGC-3¢ (sense, AtLC-
B2a), 5¢-ACTCTAGATTTCTCCAAGAACGGCTTCGTC-3¢ (antisense,
AtLCB2a), 5¢-GCAAGCTTGCTTTTGGAGAAGAAAAAACGGTTCTA-
TAT-3¢ (sense, AtLCB2b) and 5¢-ACTCTAGATGTTTCAGCTCCGT-
GTTCGTC-3¢ (antisense, AtLCB2b). The products were digested
with HindIII and XbaI, and cloned into the corresponding sites of
binary vector pBI121 (Clontech, http://www.clontech.com/) to gen-
erate a transcriptional fusion with the b-glucuronidase (GUS)
coding region.

Arabidopsis transformation and selection

Binary vectors were introduced into Agrobacterium tumefaciens
C58 by electroporation. Transgenic plants were generated by floral
dip (Clough and Bent, 1998) of Arabidopsis (Col-0). Kanamycin
(40 lg ml)1) and hygromycin (40 lg ml)1) in MS agar plates
(see above) were used for selection of transformants for the
promoter:GUS and inducible RNAi experiments, respectively.

Yeast complementation and SPT assay

Yeast complementation experiments were performed using the
methods and Saccharomyces cerevisiae lcb1D/lcb2D host strain
previously described by Chen et al. (2006). Assays of SPT activity in
yeast microsomes were conducted as described by Chen et al.
(2006).

Northern blot analysis and RT-PCR

Total RNA extraction and Northern blot analysis were performed as
described by Ge et al. (2005). For RT-PCR analyses, total RNA was
isolated using an RNeasy Plant Kit (Qiagen, http://www.qiagen.com)
according to the manufacturer’s protocol. Total RNA (1 lg) was
treated with DNase (Roche, http://www.roche-applied-science.
com), and first-strand cDNA was subsequently synthesized using
SuperScript III reverse transcriptase (Invitrogen) and oligo(dT) pri-
mer, according to the manufacturer’s instructions. A 2 ll aliquot of
first-strand cDNA was used as the template for amplification with
primers for AtLCB2a, AtLCB2b or the b-tubulin TUB1 gene
(At1g75780) in a 20 ll reaction. PCR amplification (33 cycles) was
performed using Taq DNA polymerase (New England Biolabs;
http://www.neb.com). The primers used for amplification of
AtLCB2a were 5¢-GAGATTTCTTCCGTCGCTTC-3¢ and 5¢-AGCAGG-
CTTTCCCACAAACC-3¢. The primers used for amplification of
AtLCB2b were 5¢-ATCGGCGATAAAGGTTATCCTTG-3¢ and 5¢-CC-
AAACATCTCTTGGAAAGAAACTG-3¢. The Arabidopsis b-tubulin
(TUB1)-specific primers were as described previously (Tsegaye
et al., 2007).

Staining and microscopy

The histochemical assay for GUS activity was performed accord-
ing to the protocol described by Gallagher (1992). Dissected seeds
and GUS-stained tissues were digitally imaged using a dissecting
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microscope (Nikon SMZ 1500; http://www.nikoninstruments.com).
Embryos were cleared with Hoyer’s solution and digitally imaged
using a Nikon Eclipse E800 microscope equipped with differential
interference contrast (DIC) optics (Chen et al., 2006). Pollen via-
bility was assessed using Alexander’s stain (Alexander, 1969) as
previously described (Ge et al., 2005). Pollen was stained using
4¢,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) according to
the method described by Park et al. (1998), and visualized with
white light and fluorescence using a Nikon Eclipse E800 micro-
scope with 360/40 nm bandpass excitation and 465/30 nm band-
pass emission detection. For ultrastructure analysis, buds
containing anthers at various developmental stages were ultra-
rapidly frozen by high-pressure freezing, freeze-substituted in 2%
osmium tetroxide in acetone, and embedded in Epon/Araldite as
described previously (Hammes et al., 2005). Thin sections stained
with uranyl and lead salts were imaged digitally using a Leo 912
energy filter transmission electron microscope (Carl Zeiss; http://
www.smt.zeiss.com/leo).

Analysis of sphingolipid long-chain bases

Lyophilized leaves (approximately 10 mg) were used for measure-
ment of total sphingolipid long-chase base content and composi-
tion. Leaves were subjected to strong alkaline hydrolysis, and the
released long-chain bases were analyzed as fluorescent derivatives
by reverse-phase HPLC relative to a d16:1 internal standard as pre-
viously described (Chen et al., 2006; Markham et al., 2006). Identi-
ties of long-chain bases, including derivatives of d17:0, were
determined by LC-MS (Chen et al., 2006; Markham et al., 2006).
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